Żabinśkiite, ideally Ca(Al 0.5 Ta 0.5 )(SiO 4 )O, was found in a Variscan granitic pegmatite at Piława Górna, Lower Silesia, SW Poland. The mineral occurs along with (Al,Ta,Nb)-and (Al,F)-bearing titanites, a pyrochlore-supergroup mineral and a K-mica in compositionally inhomogeneous aggregates, ∼120 μm × 70 μm in size, in a fractured crystal of zircon intergrown with polycrase-(Y) and euxenite-(Y). Żabinśkiite is transparent, brittle, brownish, with a white streak, vitreous lustre and a Mohs hardness of ∼5. The calculated density for the refined crystal is equal to 3.897 g cm . It is isostructural with triclinic titanite and bond-topologically identical with titanite and other minerals of the titanite group. Żabinśkiite crystallized along with (Al,Ta,Nb)-bearing titanites at increasing Ti and Nb, and decreasing Ta activities, almost coevally with polycrase-(Y) and euxenite-(Y) from Ca-contaminated fluxed melts or early hydrothermal fluids.
Introduction
THE titanite group,
(TO 4 )O, currently comprises five mineral species: titanite,
Ca (6) Ti (SiO 4 )O (grandfathered); malayaite,
Ca (6) Sn *E-mail: pieczka@agh.edu.pl https://doi.org/10. 1180/minmag.2016.080.110 (SiO 4 )O (Alexander and Flinter, 1965; Higgins and Ribbe, 1977) ; vanadomalayaite, (7) Ca (6) V 4+ (SiO 4 )O (Basso et al., 1994) ; natrotitanite, (7) (Na 0.5 Y 0.5 ) (6) Ti (SiO 4 )O (Stepanov et al., 2012) ; and żabinśkiite, (7) Ca (6) (Al 0.5 Ta 0.5 )(SiO 4 )O, which was approved recently by the Commission on New Minerals, Nomenclature and Classification of the International Mineralogical Association (IMA CNMNC) (Pieczka et al., 2015b; IMA 2015-033) . Titanite is a common accessory mineral in intermediate, felsic and alkaline plutonic rocks (diorites, granodiorites, granites, syenites, nepheline syenites, carbonatites, phoscorites, etc.) and their volcanic analogues, pegmatites, hydrothermal veins, alpine-type veins, gneisses, schists, skarns and marbles; malayaite is an early hydrothermal product, which may associate with a cassiteritequartz assemblage, and a component of Sn-bearing skarns. Vanadomalayaite and natrotitanite are two extremely rare members of the group, each known from only one occurrence: in a manganese ore deposit exploited by the Valgraveglia (Gambatesa) Mine, Genova Province, Italy (Basso et al., 1994) and the Verkhnee Espe rare-element deposit, Eastern Kazakhstan Province, Kazakhstan (Stepanov et al., 2012) , respectively.
Igneous titanite does not usually show extensive substitution and its composition is close to the endmember. As titanite crystallizes, it can incorporate various cations substituting for Ca 2+ ) (Sahama, 1946; Černý and Riva di Sanseverino, 1972; Clark, 1974; Higgins and Ribbe, 1976; Paul et al., 1981; Hollabaugh and Foit, 1984; Sawka et al., 1984; Groat et al., 1985; Bernau and Franz, 1987; Woolley et al., 1992; Basso et al., 1994; Russell et al., 1994; Černý et al., 1995; Della Ventura et al., 1999; Markl and Piazolo, 1999; Tiepolo et al., 2002; Chakhmouradian and Zaitsev, 2002; Chakhmouradian et al., 2003; Chakhmouradian, 2004; Houzar et al., 2008; Cempírek et al., 2008; Lussier et al., 2009; Stepanov et al., 2012) . Niobium and Ta are relatively common subordinate substituents at the Y site of the titanite structure. However, titanites with a substantial amount of these elements are uncommon. Generally, Nbenriched titanites are associated with nepheline syenites and carbonatites (e.g. Woolley et al., 1992; Chakhmouradian et al., 2003; Chakhmouradian, 2004) , whereas tantalian titanite, usually also enriched in Nb, is known from granitic pegmatites (e.g. Clark, 1974; Paul et al., 1981; Groat et al., 1985; Černý et al., 1995; Uher et al., 1998 2+ by Na + at the X site, or Al 3+ for Si 4+ at the T site. To date, the most Ta-and Nb-enriched titanite is from Maršíkov II pegmatite in northern Moravia, Czech Republic (Černý et al., 1995) . It contains up to 21.53 wt.% Ta 2 O 5 (0.216 Ta atoms per formula unit, apfu) and up to 9.49 wt.% Nb 2 O 5 (0.163 Nb apfu), with the highest Nb + Ta content (Nb < Ta) equal to 0.278 apfu in the Na-poor variety and 0.359 apfu in the Na-bearing variety. However, due to simultaneous substitutions at the X and Y sites and possible vacancy at the T site, none of these titanite varieties corresponds to a Ta-dominant species (Černý et al., 1995) . Liferovich and Mitchell (2006a) 
Geological setting
Żabinśkiite was found in a pegmatitic system exposed in an amphibolite-migmatite quarry of the Kompania Górnicza (formerly Dolnośląskie Surowce Skalne S.A Company) near the town of Piława Górna (50°42′11.77″N, 16°44′12.36″E), the Góry Sowie Block (GSB), ∼50 km southwest of Wrocław, SW Poland. The GSB is one of the main tectono-stratigraphic units (∼650 km 2 ) of the Sudetes, the region that forms the NE margin of the Bohemian Massif and the NE termination of the European Variscides. The GSB consists mainly of gneisses and migmatites with minor amphibolites, and is considered to be a fragment of the lower crust (for details see Mazur et al., 2006) . The unit is a product of multistage evolution that culminated ∼385-370 Ma in amphibolite-facies metamorphism and migmatization at temperatures of 775-910°C and pressures of 6.5-8.5 kbar, and was followed by rapid uplift and exhumation (Brueckner et al., 1996; O'Brien et al., 1997; Kryza and Fanning, 2007) . Anatectic melts generated by partial melting of the metasedimentary-metavolcanic sequence were injected as pegmatites and granite-like bodies during decompression stages, forming small concordant segregations and N-trending discordant dykes in migmatized gneisses and amphibolites (Kryza, 1981; van Breemen et al., 1988; Żelazńiewicz, 1990; Bröcker et al., 1998; Timmermann et al., 2000; Aftalion and Bowes, 2002; Gordon et al., 2005) . The Julianna pegmatitic system at Piława Górna, the largest pegmatitic occurrence in the GSB, displays a hybrid NYF (Nb-Y-F) + LCT (Li-Cs-Ta) signature Pieczka et al., 2013; 2015a,c; 2016) . The system consists of a series of coeval and co-genetic pegmatites ranging from homogeneous and relatively primitive dykes to simply zoned (border zone + wall zone + graphic intermediate zone + blocky feldspar intermediate zone + quartz core) weakly to moderately evolved NYF-affiliated bodies. The most common are moderately-evolved pegmatitic bodies with abundant rare-element-bearing mineralization, mainly (Fe,Mn)-(Ti,Sn)- (Nb,Ta) and (REE,U)-(Nb,Ti,Ta) oxides [where REE = rareearth elements], e.g. columbite-group minerals, ixiolites, ferrowodginite as well as samarskite-, euxenite-, fergusonite-group minerals, pyrochloresupergroup minerals, zircon, monazite-(Ce), xenotime-(Y), allanite-(Ce) and -(Y), keiviite-(Y), pilawite-(Y) and uraninite (Pieczka et al., , 2014 (Pieczka et al., , 2015a . The most fractionated LCT-related parts of the Julianna system are represented by rare pods, up to a few metres in diameter, located in the central parts of swellings at intersections of larger pegmatitic dykes, where the quartz core would typically occur. They are formed of a centrally located spodumene-lepidolite core within a lithium-mica-cleavelandite-quartz unit, and accompanied by saccharoidal albite irregularly replacing the surrounding blocky feldspar and graphic units. The pods contain extremely fractionated Li-and Cs-bearing mineralization, including elbaite-liddicoatite-rossmanite tourmaline, pollucite, spodumene, Cs-bearing beryl and Li-micas (Pieczka et al., 2016) .
Small aggregates of (Al,Ta,Nb)-enriched titanite, together with epidote-group minerals and sometimes also with gadolinite-group minerals, occur in thin veinlets that fill fractures in blocky feldspars. Żabinśkiite, ideally Ca(Al 0.5 Ta 0.5 )(SiO 4 )O, was found together with (Al,Ta,Nb)-bearing titanites, a bismuth-rich pyrochlore-group mineral and single plates of a K-mica in aggregates healing fractures in zircon intergrown with polycrase-(Y) and euxenite-(Y) in blocky feldspar.
Analytical methods
Optical properties of żabinśkiite were obtained at the Department of Geological Sciences, University of Manitoba, Winnipeg, Canada, on a crystal extracted for structural studies. A spindle stage was used to orient the crystal for measurement of 2V by extinction curves (Bartelmehs et al., 1992) . The optical orientation ( PET, 0.12) . The raw data were reduced with the PAP routine of Pouchou and Pichoir (1985) . The empirical formulae of żabinśkiite and associated titanite were calculated on the basis of 3 cations per formula unit, with H 2 O in the form of OH -groups calculated on the basis of stoichiometry to 5 (O,F,OH) anions, and assuming Fe total = Fe 3+ .
Representative compositions of various members of the titanite group from the Piława Górna pegmatites are presented in Table 2 . Table 3 gives the statistics of analytical results for the most Ta-enriched crystal of żabinśkiite.
Raman spectroscopic and electron-backscatter diffraction (EBSD) studies were done at the Division of Geological and Planetary Sciences, California Institute of Technology, California, USA. Raman spectra were obtained using a Renishaw M-1000 microRaman spectrometer with two laser wavelengths (514.4 and 783.5 nm) that result in ∼5 mW on the sample. Ten 20-second scans were averaged on spots of ∼1.5 μm in diameter through a 100× objective with polarization removed by a dual silica-wedge depolarizer. No indication of sample damage was noted. All the traces were corrected for instrumental artifacts, and had cosmic-ray spikes removed. They were then manually corrected for the apparent baseline by visual inspection and subtraction.
Single-crystal EBSD analyses at a sub-micrometre scale were done using the method of Rossman (2008, 2009 ) with an HKL EBSD system on a ZEISS 1550VP scanning electron microscope, operating at 20 kV and 6 nA in focused-beam mode, with a 70°tilted stage and in a variablepressure mode (25 Pa). The structure was determined by matching the experimental EBSD pattern with the Al-bearing titanite structure.
Single-crystal X-ray diffraction measurements were undertaken at the Department of Geological Sciences, University of Manitoba, Winnipeg, Canada, on a crystal 5 μm × 7 μm × 20 μm attached to a tapered glass fibre and mounted on a Bruker D8 three-circle diffractometer equipped with a rotatinganode generator (MoKα X-radiation), multilayer optics and an APEX-II detector. A total of 7073 intensities was collected to 60°2θ using 50 s per 0.3°frame-width with a crystal-to-detector distance of 5 cm. Empirical absorption corrections (SADABS; Sheldrick, 2008) were applied and equivalent reflections were merged, resulting in 1068 unique reflections. Unit-cell dimensions were obtained by least-squares refinement of the positions of 3945 reflections with I > 10σI and are given in Table 4 , together with other information pertaining to data collection and structure refinement. The structure was refined to an R1 index of 2.37%. Atom positions and equivalent isotropicdisplacement parameters are given in Table 5 , selected interatomic distances in Table 6 , and refined site-scattering values (Hawthorne et al., 1995) and assigned site-populations in Table 7 . A powder X-ray diffraction pattern was not measured because of the compositional heterogeneity of the material. However, in Table 8 we provide a twodimensional pattern by collapsing the three dimensional diffraction data into two dimensions, using an option in XPREP (Sheldrick, 2000) ; this means we can guarantee that the pattern is representative of the chemical composition and crystal structure provided here.
Physical and optical properties
Żabinśkiite occurs together with (Al,Ta,Nb)-and (Al,F)-bearing titanites in compositionally inhomogeneous aggregates present as fracture fillings in a fractured crystal of zircon intergrown with euxenite-(Y) and polycrase-(Y) (Fig. 1) . The żabinśkiite-titanite aggregates reach ∼120 μm × 70 μm in size, while individual grains of minerals forming these aggregates do not exceed 25 μm long. The aggregates commonly show irregular patchy and mosaic zoning and exsolution-like domains, less frequent oscillatory zoning.
Żabinśkiite is transparent, brownish, with a white streak and vitreous lustre. It is non-fluorescent. Neither cleavage nor parting is observed and the fracture is uneven. The mineral is brittle, having a Mohs hardness of ∼5. Density was not measured due to small dimensions and compositional heterogeneity of the crystals. The density calculated on the basis of molar weight and unit-cell volume for the refined crystal of titanian żabinśkiite with the composition Ca (Ti 0.46 . However, due to varying, though always significant Ta contents in different żabinśkiite crystals, the calculated density depends strongly on composition. For example, for żabinśkiite with the highest measured content of Ta + Nb, the density should increase to ∼4.1 g cm -3
, and for the end-member composition, it should be ∼4.5 g cm . Żabinśkiite is non-pleochroic (uniformly yellowish brown in all optical directions), biaxial (-), with mean refractive indices ≥ 1.89 (589 nm) (refractive indices were not measured as the required liquids are forbidden by Polish and Canadian health and safety regulations) and 2V meas. = 96.9(5)°.
Dispersion was not measured and colour evaluation was difficult due to very small dimensions of the extracted crystal and the 'edge effects' observed in immersion. The optical orientation is presented in Table 1 .
Chemical composition
Tiny grains of (Al,Ta,Nb)-bearing titanite-group minerals from Piława Górna show strong compositional heterogeneity, similar to other Nb-and Taenriched titanites reported in the literature (e.g. Clark, 1974; Černý et al., 1995; Chakhmouradian, 2004; Houzar et al., 2008) . In Fig. 1 , żabinśkiite and (Al,Ta,Nb)-bearing titanite are represented by light-to medium-grey crystals showing common irregular patchy and mosaic zoning and less frequent oscillatory zoning in the back-scattered electron (BSE) images, while (Al,F)-bearing and Nb-and Ta-poor titanite occurs as dark grey exsolution-like domains (Table 2 and Ca(Al 0.5 Nb 0.5 )(SiO 4 )O (Ta > Nb) (Fig. 2) . Some of the compositions show Ti + Sn + V + Zr > Al + Fe 3 + + Nb + Ta (medium grey zones in the aggregates in Fig. 1 ), and represent (Al,Ta,Nb)-bearing titanite. However, many analyses of the lightest domains give Ti + Sn + V + Zr < Al + Fe 3+ + Nb + Ta, Ta > Nb. These compositions cross beyond the border of 50 mol.% Ca[Al 0.5 (Ta,Nb) 0.5 ](SiO 4 )O and, due to coupled heterovalent substitutions at a single structural site, i.e. valency-imposed double site-occupancy as explained by Hatert and Burke (2008) , represent żabinśkiite, a new aluminoantantalian mineral in the titanite group. The analyses have the highest Ta content reported in a titanitegroup mineral, attaining 24.85 wt.% Ta 2 O 5 (0.260 Ta apfu) at the Nb + Ta sum equal to 0.344 apfu ( (Fig. 3b) (Fig. 3b) , suggesting a stronger enrichment in F due to higher In the diagram Y Al+Na-Nb-Ta -Ti+Sn+V+Zr -2(Nb+Ta-Na-T Al) (Fig. 4) , which discriminates Notes: Mn, Y and U were below the detection limit.
(1) Average composition of 10 analyses of crystals richest in (Ta, Nb) is presented in Fig. 1d ; (2) Normalized on the basis of X + Y + T = 3 apfu; (3) calculated from stoichiometry; SD -standard deviation.
between żabinśkiite, titanite/malayaite/vanadomalayaite/natrotitanite, and F-and OH-bearing Y Al analogues of titanite, all (Al,Ta,Nb)-bearing compositions plot along the titanite-żabinśkiite side of the triangle, straddling the border between the fields of Y 4+ -dominant titanite-group varieties (titanite, malayaite, vanadomalayaite and natrotitanite) and a new group of (Y 3+ +Y 5+ )-dominant varieties with żabinśkiite, Ca[Al X/2 (Ta,Nb) X/2 Ti 1−X ]SiO 4 O, where x > 0.5, as a Ta-dominant natural representative. The diagram corroborates continuous solid-solution between the endmembers in the range 58-30 mol.% titanite + malayaite + vanadomalayaite (Ti >> Sn ≈ V; endmember natrotitanite is absent), 35-65 mol.% żabinśkiite + its Nb analogue, and 0-9 mol.% of Al-and (F,OH)-bearing titanite. On the other hand, Al-bearing, Nb-and Ta-poor titanite represents a solid solution of 58-67 mol.% titanite + malayaite + vanadomalayaite, 2-10 mol.% żabinśkiite + its Nb analogue and 29-39 mol.% Al-and (F,OH)-bearing titanite. The average composition of (Al,Ta, Nb)-richest żabinśkiite grains, forming the aggregate on the left side of Fig. 1d, corresponds . Symbols: red crosses -analyses with the highest Ta contents, used in the formula calculation (Table 2) ; black crosses -the remaining analyses of the titanite-żabinśkiite solid solution; dark blue crosses -analyses of the (Al,F)-bearing titanite.
added to Y Al), 1.5 mol.% Na(Ta,Nb)SiO 4 O and 1.2 mol.% Ca(Ta,Nb)AlO 4 O. This composition of żabinśkiite conforms with compositional data for synthetic (Al,Ta)-bearing titanites (Liferovich and Mitchell, 2006a,b) . Liferovich and Mitchell (2006a, p. 73) concluded that "at ambient conditions, titanite can contain up to 20 mol.% NaTaSiO 4 O or 60 mol.% Ca(Al 0.5 Ta 0.5 )(SiO 4 )O", and "these limits might differ in natural samples due to combinations with substitutions involving fluorine and/or hydroxyl replacing oxygen together with vacancies at cationic sites". Furthermore (ibidem, p.82), they find that "the solid solution involving the smaller cations, theoretically might be stabilized at high pressure suggesting the existence of a potentially new compound with ≥67 mol.% Ca(Al 0.5 Ta 0.5 )(SiO 4 )O end-member". In the Piława Górna material, the highest content of Ca[Al 0.5 (Ta,Nb) 0.5 ](SiO 4 )O compound reaches 63.5 mol.% (Table 2 ) and most of the analyses with the highest Ta and Nb enrichment also show a noticeable increase of Al at almost constant Ta + Nb contents (Fig. 3a) . Due to the limited replacement of 
Raman spectroscopy
Raman spectra were obtained at four spots, all corresponding to żabinśkiite, although with different compositions. The compositions at spots 1-3 vs. spot 4 are richer in Ca[Al 0.5 (Ta,Nb) 0.5 ](SiO 4 )O compound (the respective molar contents in %: 57.9, 63.5 and 56.8 vs. 42.2), and are accompanied by increasing titanite (32.0; 30.1; 32.3 vs. 38.3) and CaAl(SiO 4 )(F,OH) (7.7; 3.9; 8.5 vs. 18.0), and completed by Na(Ta,Nb)(SiO 4 )O (1.2; 1.6; 1.3; 0.3) and Ca(Ta,Nb)(AlO 4 )O (1.2; 1.0; 1.1; 1.2). All spectra show strong consistency between the green and red laser excitations (Fig. 5a) , which means that they do not originate from fluorescence; however, the band near 1400 cm -1 , obtained with the 783.5 nm laser, may result from fluorescence. The exact band heights are somewhat subjective because of the arbitrary baseline correction. In many of the spectra, the baseline background was more intense than any of the Raman or fluorescence bands. Wavenumbers obtained with the 514.5 nm laser for the spot 2 spectrum, recorded in a zone of the Ta-and Nb-richest żabinśkiite with the composition listed in Table 2, Černý et al., 1995) , the remaining symbols as in Fig. 2. spectrum from the RRUFF database (http://rruff. info/) (Fig. 5b) shows that although the number of bands is similar in each spectrum, the positions of the bands differ, reflecting some differences between the structures of triclinic żabinśkiite and monoclinic titanite.
Electron-back-scattered diffraction (EBSD)
Single-crystal EBSD patterns (Fig. 6) were indexed with the titanite structure (A2/a) to give a best fit based on unit-cell data for the titanite of Hollabaugh and Foit (1984) , with mean angular deviations of << 1 o . No errors are stated for the presented data because the cell parameters are taken directly from the data of the matching phase of Hollabaugh and Foit (1984) .
Crystal structure
At room temperature, titanite close to end-member composition has a monoclinic structure with P2 1 /a symmetry (Higgins and Ribbe, 1976; Speer and FIG. 5. (a) Raman spectra of żabinśkiite in green (514.4 nm laser; green trace) and red (783.5 nm, brown trace) laser illumination; (b) comparison of the Raman spectrum of żabinśkiite to a standard titanite spectrum from the RRUFF database (http://rruff.info/Titanite/R050472). Gibbs, 1976; Taylor and Brown, 1976; Bismayer et al., 1992; Zhang et al., 1995; Meyer et al., 1996; Kek et al., 1997; Beirau et al., 2014) . At higher temperature and/or pressure, and in structures with significant substitutions at the Y or X + Y sites, a phase transition results in transformation to the space-group A2/a. Transformation to a triclinic structure with space group A 1 was noted by Rath et al. (2003) Żabinśkiite is isostructural with triclinic titanite (Lussier et al., 2009) and is bond-topologically identical with titanite and other minerals of the titanite group. The refined site-scattering values show that the heavy cations Ta 5+ and Nb 5+ are almost completely ordered at the M(2) site. The TABLE 6. Selected interatomic distances (Å) for żabinśkiite. epfu -electrons per formula unit resultant difference in constituent-cation radii at the two sites (Table 7) is 0.032 Å, in close accord with the corresponding difference in mean bond length (Table 6) is significant at the Y site of the titanite structure, "the Al + Ta arrangement propagates along the chain direction to produce the sequence …Al-TaAl-Ta-Al-Ta… which will eventually produce the structural sequence
… which breaks the monoclinic symmetry to produce triclinic titanite", and furthermore "…the case … suggests that only substitution (Al, Fe) 3+ + (Ta,Nb) 5+ → 2Ti 4+ will give rise to triclinic A 1 titanite at ambient conditions" (ibidem, p. 718) . Żabinśkiite is a sample of such a titanite-group species containing ∼64 mol.% Ca[Al 0.5 (Ta,Nb) 0.5 ] SiO 4 O, i.e. considering data for synthetic aluminoan-tantalian titanite (Liferovich and Mitchell, 2006a) , almost completely saturated in that component. However, synthetic, high-temperature Ca(Ti 0.4 Al 0.3 Ta 0.3 )SiO 4 O has the monoclinic A2/a structure, not the triclinic A 1 structure. We can only agree with Lussier et al. (2009) that for (Al,Ta, Nb)-bearing titanite and żabinśkiite, the monoclinic-triclinic transition is induced not by composition but temperature. Both titanites studied by Lussier et al. (2009) and also (Al,Ta,Nb)-bearing titanite and żabinśkiite from Piława Górna originate from pegmatites and crystallized at relatively low temperature close to the appearance of a fluid phase, whereas Liferovich and Mitchell (2006a) compound at 1225-1175°C. Thus, żabinśkiite may be a natural proof that low-temperature crystallization produces the triclinic species with Ta and Nb completely ordered at the M(2) site, and hightemperature crystallization results in a disordered monoclinic arrangement.
Origin
To date, the highest contents of Ta and Nb have been measured in two titanites that occur as tiny inclusions in (Ta,Nb)-rich rutile from the Craveggia pegmatite, Italy (Prior and Zambonini, 1908; Clark, 1974) and the Maršíkov pegmatite, Czech Republic (Černý et al., 1995) ; the titanites contain 16.0 wt.% Ta 2 O 5 + 2.9 wt.% Nb 2 O 5 and 21.5 wt.% Ta 2 O 5 + 9.5 wt.% Nb 2 O 5 , respectively. The origin of the Maršíkov titanite is related to the interaction of metamorphic pore fluids, generated mainly by dehydration reactions, with Nb-Ta oxides and components of silicate host rocks. The highly variable composition of this titanite is explained as a result of low mobility of the solute reactants, heterogeneity of the fluid phase, and a lack of postcrystallization equilibration (Černý et al., 1995) . The origin of the Craveggia titanite is explained by crystallization under conditions that facilitate Ta FIG. 7 . Position of żabinśkiite in the crystallization sequences of (Fe,Mn)-(Ti,Sn)-(Nb,Ta) and (Y,REE,U,Th)-Ti-(Nb,Ta) oxides in the Piława Górna pegmatitic system (Pieczka et al., , 2014 Szuszkiewicz et al., 2015) . The lightest-grey section of the triangle marks the Nb-Ta-Ti range in which żabinśkiite crystallized coevally with polycrase-(Y) and euxenite-(Y). Abbreviations: CG -columbite-group minerals; IG -ixiolite-group minerals; SGsamarskite-group minerals; FG -fergusonite-group minerals; WG -wodginite-group minerals. Symbols: black solid arrows -evolution trends in the titanite-group minerals and coexisting euxenite-group minerals, and in the wodginitegroup minerals; dotted line -a threshold of 20 at.% of Nb, which constitutes the border separating żabinśkiite and Aland (Ta,Nb)-bearing titanite from (Nb,Ta)-bearing oxides.
and Nb partitioning between the titanite and rutile structures in (Ta,Nb)-rich environments (Paul et al., 1981) . Titanite with moderate (Nb,Ta)-enrichment is also found as a late constituent of miarolitic cavities, e.g. in the Huron claim pegmatite (Paul et al., 1981) and the Irgon claim pegmatite (Groat et al., 1985) , SW Manitoba, Canada, and in the Heftetjern pegmatite in Norway (Lussier et al., 2009) . Żabinśkiite, the (Ta,Al)-analogue of titanite, was found in a weakly-to moderately-fractionated NYF-affiliated part of the hybrid NYF + LCT Piława Górna pegmatitic system as fracture fillings in a cracked crystal of zircon intergrown with euxenite-(Y) and polycrase-(Y); rutile is absent from this assemblage. The Piława Górna pegmatites formed from a granitic anatectic melt with the important role of magmatic fractionation, generated from a metasedimentary-metavolcanic protolith during amphibolite-facies retrogressive metamorphism ∼381-377 Ma (cf. Szuszkiewicz et al., 2013; Pieczka et al., 2015c; Turniak et al., 2015) . During solidification, the late-stage melt became enriched in Ca, Fe, Sn, Sc and Ti and a fluid phase rich in Ca and Ta exsolved. This change in composition resulted in a distinct reversal Mn-Fe fractionation as recorded by the Fe(Mn)-Ti(Sn)-(Nb,Ta) oxides . Late-stage enrichment in Ca is also reflected by the replacement of spessartine garnet by Ca-bearing spessartine, progressive Ca-enrichment of ishikawaite, samarskite-(Y) and polycrase-(Y) and their subsequent alteration to Ca-bearing pyrochloresupergroup minerals (Pieczka et al., 2014 , crystallization of titaniteand epidote-group minerals in fracture-controlled vein-like alteration zones in blocky feldspar, crystallization of fersmite, late Ca-enrichment of Cs-rich beryl and pezzottaite (Pieczka et al., 2016) , alteration of beryl to various members of the bavenite-bohseite series (Szełeg et al., 2017) and the increasing role of Ca during the crystallization of REE-bearing mineral assemblages composed of Ca-free keiviite-(Y), Ca-enriched gadolinite-(Y), Ca-bearing hingganite-(Y), pilawite-(Y), hellandite-(Y), allanite-(Y), epidote and zoisite (Pieczka et al., 2015a) . Żabinśkiite and (Al,Ta, Nb)-bearing titanite crystallized during a probably short-term episode of increasing Ti and Nb and simultaneous decreasing Ta and Ta + Nb (Figs 7, 8) . The episode corresponds closely with crystallization of accompanying polycrase-(Y) and euxenite-(Y) that required similar geochemical conditions .Tantalum was preferentially incorporated into żabinśkiite, Nb into the euxenite-group minerals, and Ti was incorporated by all these phases. In the Piława Górna pegmatites, euxenite-group minerals occur mainly as patches along feldspar-quartz boundaries and probably crystallized in a very narrow time interval from a FIG. 8. Nb and Ta fractionation trends in żabinśkiite (red), (Al,Ta,Nb)-bearing titanite (black) and (Al,F)-bearing titanite (blue). Symbols: empty squares -Nb; full squares -Ta; dotted grey arrows -trends of Nb fractionation; continuous grey arrows -trends of Ta fractionation. The analyses 13 and 31 with Ta < Nb ( Pieczka et al., 2013 Pieczka et al., , 2014 . We suggest that titanite-group minerals in the żabinśkiite-bearing pegmatite crystallized in the following order: (1) żabinśkiite at relatively high Ti and Ta activities, (2) (Al,Ta, Nb)-bearing titanite marking the decrease in the Ta and Ta + Nb activities, (3) (Al,F)-bearing titanite marking the increasing activity of volatiles, mainly H 2 O. Slightly elevated contents of fluorine in the Al-enriched titanite is probably a result of its preferential partitioning into the structure of such titanite because there is no evidence for a significant increase of the activity of F in other minerals (e.g. micas) in the investigated pegmatite.
On the contrary, all weakly to moderately evolved NYF-affiliated Piława Górna pegmatites are poor in F . Fine-scale compositional zoning commonly observed in żabinśkiite and associated (Al,Ta, Nb)-bearing titanite is most likely the effect of relatively slow diffusion of quadrivalent and pentavalent cations (cf. Brady and Cherniak, 2010) , and indicate that both minerals crystallized from environments that were geochemically inhomogeneous on the local scale. Although żabinśkiite and (Al,Ta,Nb)-bearing titanite show similar concentrations of Nb that increase slightly from ∼0.04 to ∼0.12 apfu with fractionation, they show highly heterogeneous patchy distribution of Ta that oscillates from ∼0.31 to ∼0.16 apfu in various domains of (Al,Ta,Nb)-bearing żabinśkiite and from ∼0.21 to ∼0.17 apfu in different regions of Ti-bearing żabinśkiite, grading to (Al,Ta,Nb)-bearing titanite (Fig. 8) . Irregular patchy domains of (Al,F)-bearing titanite within the mosaic żabinśkiite and (Al,Ta,Nb)-bearing titanite (Fig. 1d) can be considered as a product of exsolution due to limited miscibility between (Al, Ta,Nb)-bearing titanites, including żabinśkiite and (Al,F)-bearing titanite (Cempírek et al., 2008 and discussion therein) .
The exotic composition of żabinśkiite expressed by high contents of Ta and Ta + Nb as well as Al, Ti and Ca suggests that the conditions required for its crystallization may be restricted to NYF-affiliated pegmatites of the rare-element class that had some amounts of Ti and Ca added, probably from an external source. In such systems, żabinśkiite might be expected to crystallize at the stage when the Ta/ (Ta + Nb) fractionation index exceeds 0.50 in Fe (Mn)-Ti(Sn)-(Ta,Nb) oxides, and is close to 0.50-0.40 in (REE,Ca,U,Th)-(Ti,Nb,Ta) oxides of the samarskite and euxenite groups. High, but decreasing activity of Ta and simultaneously increasing activity of Ti (Fig. 8) seems to be rather timerestricted during the geochemical evolution of the pegmatite because the amounts of these two elements in the pegmatite-forming melt are mostly controlled by crystallization of such minerals as titanite, polycrase-(Y) and euxenite-(Y).
Two out of 70 analyses of titanite-group minerals from the Piława Górna pegmatite show 2·(Nb + Ta) > Ti, with Nb slightly exceeding Ta, suggesting the possible existence of a Nb-analogue of żabinśkiite, Ca(Al 0.5 Nb 0.5 )(SiO 4 )O. However, both analyses also show the presence of some Na(Ta,Nb)(SiO 4 )O and Ca(Ta,Nb)(AlO 4 )O compounds and, therefore, although the compounds with Nb > Ta prevail, the dominance of the Ca(Al 0.5 Nb 0.5 )(SiO 4 )O endmember is ambiguous. Taking into account the relationships between Y Ta, Y Nb and Y Ti in the TaNb-Ti-Al-Si system (Fig. 8) , the conditions required for the crystallization of Nb-dominant analogue of żabinśkiite would be even more restricted than the ones necessary for the formation of żabinśkiite-like compositions and even (Al,Ta, Nb)-bearing titanite that crystallized after żabinśkiite and contains more Ta than Nb. It seems that Nb-dominant compositions observed in these two analyses could be achieved only at a distinct Y Al excess, manifested by elevated contents of the CaAl(SiO 4 )(F,OH) compound. In fact, both analyses are Ta-depleted, probably due to the substitution 0.5Al 3+ + (F,OH) -→ 0.5Ta 5+ + O 2-. Concluding, we regard that the crystallization of a Nb-analogue of żabinśkiite in nature is highly unlikely.
